The colour vision polymorphism of New World monkeys results from allelic variations of the middle-to-long-wave-sensitive (M/ LWS) visual pigments. On the basis of sequence comparison, spectral differences among the alleles have been ascribed to amino acid residues at sites 180, 229, 233, 277, and 285. While the significant spectral effects have been demonstrated for sites 180, 277, and 285 by site-directed mutagenesis for a large number of vertebrate M/LWS pigments (the ''three-site rule''), effects at sites 229 and 233 remain untested. Here we measured absorption spectra of the reconstituted M/LWS pigments from the tri-allelic squirrel monkey (Saimiri sciureus) and the mono-allelic owl monkey (Aotus trivirgatus). The peak absorption spectra (k max ) of Saimiri pigments were 532, 545, and 558 nm and that of Aotus pigment 539 nm, being consistent with the prediction from the three-site rule. Our sitedirected mutagenesis for sites 229 and 233 showed that their mutational effects for k max values were negligible. These results preclude the necessity of examining exon 4, encoding the residues at sites 229 and 233, of M/LWS pigment genes for colour-vision typing of New World monkeys.
Introduction
Visual pigments are photoreceptive molecules for vision and, in vertebrates, reside in rod and cone visual cells in the retina. The cone visual pigments mediate daylight and colour vision while the rod pigments mediate dim light vision. These pigments consist of a protein moiety (opsin) and a chromophore (11-cis retinal in mammals). The colour vision of New World monkeys (platyrrhine primates) is unique among animals in being highly polymorphic, with only a few species of exceptions known (Jacobs, 1998) . Among New World monkeys, males are dichromatic and females are either dichromatic or trichromatic. This phenotypic variation results from the allelic polymorphism of the single-locus middle-to-long-wave-sensitive (M/LWS) cone visual pigment gene residing on the X chromosome (Kawamura, Hirai, Takenaka, Radlwimmer, & Yokoyama, 2001; Mollon, Bowmaker, & Jacobs, 1984) . There are typically three M/LWS pigment alleles found in a species, resulting in three types of dichromats and three types of trichromats within the species by combinatorial differences of the alleles. This unique feature has made New World monkeys an excellent subject of study for both molecular genetics and behavioral significance of colour vision.
On the basis of the sequence comparison of the M/ LWS pigment genes of New World monkeys, the spectral differences among the alleles have been ascribed to Ser/Ala180 (amino acid difference between Ser and Ala at the residue position 180), Phe/Ile229, Gly/Ser233, Tyr/Phe277, and Thr/Ala285 of the M/LWS pigments . Based on the study, colour-vision typing of New World monkeys has been carried out in population genetic and behavioral studies of colour vision by examining DNA sequences of the M/LWS pigment genes for the five sites (Caine & Mundy, 2000; Cropp, Boinski, & Li, 2002; Smith, Buchanan-Smith, Surridge, Osorio, & Mundy, 2003; Surridge, Smith, Buchanan-Smith, & Mundy, 2002) .
However, exact spectral effects of Phe/Ile229 and Gly/ Ser233 remain untested while significant spectral effects have been demonstrated for the sites 180, 277, and 285 by site-directed mutagenesis to the pigment cDNAs and spectral measurement of the intact and mutagenized visual pigments reconstituted in vitro for a large number of vertebrate species (Yokoyama & Radlwimmer, 1998 , 1999 ). The mutagenesis studies have shown that the peak absorption spectra (k max ) of the vertebrate M/ LWS pigments can be predicted from the amino acid composition at the three sites, 180, 277, and 285, together with two additional sites, 197 and 308 (''five-site rule''). Among primate M/LWS pigments, however, the residues 197 and 308 are not varied and are irrelevant to spectral differences among them. Therefore, the five-site rule can be reduced to the ''three-site rule'' in primates, where amino acid changes from Ser to Ala at the site 180 (denoted Ser180Ala), Tyr277Phe, and Thr285Ala shift the k max values by )7, )8, and )15 nm, respectively, and the reverse amino acid changes cause opposite spectral shifts by the same extent in nearly additive manner ).
According to the amino acid composition of the three sites 180, 277, and 285 and the k max values predicted from the three-site rule, we classify the M/LWS pigments of New World monkeys into five types, P530, P538, P545, P553, and P560 (Fig. 1) . We previously determined the k max values of the three allelic M/LWS pigments (P538, P553, and P560) from common marmoset (Callithrix jacchus) by the in vitro pigment reconstitution method (Kawamura et al., 2001) . In the present study, we shall examine by the same method two other species of New World monkeys with the other allelic combinations, the squirrel monkey (Saimiri sciureus) (P530, P545, and P560) and the owl monkey (Aotus trivirgatus) (single-allelic P538) in order to test the applicability of the three-site rule to the M/LWS pigments of New World monkeys. We also perform the site-directed mutagenesis to the sites 229 and 233 to evaluate their exact spectral effects.
Materials and methods

Samples
Retinae of two male squirrel monkeys (S. sciureus) and one male owl monkey (A. trivirgatus) and blood samples from several squirrel monkeys were taken at Primate Research Institute, Kyoto University, under their Guideline for the Care and Use of Laboratory Primates. Total RNA was prepared from the retinae by using RNeasy RNA extraction kit (Qiagen) and genomic DNA from the blood samples by following the conventional phenol-chloroform extraction method (Sambrook & Russel, 2001 
cDNA cloning of the owl monkey M/LWS pigment
The M/LWS pigment gene (29X) of the owl monkey was previously isolated from its genomic library and its nucleotide sequence has been determined (Kawamura, Takenaka, Hiramatsu, Hirai, & Takenaka, 2002 ) (Genbank AB081272-7). The full coding region of the corresponding cDNA was synthesized from the retinal RNA by reverse-transcription (RT) polymerase-chain-reaction (PCR) using a primer pair designed from the genomic DNA sequence with the reaction conditions described previously (Kawamura & Yokoyama, 1998) . The forward (5 0 -agggctgaattccaccatggcccagcagtggagcct-3 0 ) and reverse (5 0 -ggcagagtcgacgcaggtgacacggaggacac-3 0 ) primers contain EcoRI and SalI linkers (underlined), respectively, and the Kozak sequence (ccacc) (Kozak, 1984) was inserted between EcoRI and the initiation codon (boldfaced) in the forward primer to promote translation (Kawamura & Yokoyama, 1998) . The amplified DNA fragments were cloned into the EcoRI/SalI-digested pMT5 expression vector (Khorana, Knox, Nasi, Swanson, & Thompson, 1988) which contains the last 15 amino acids of the bovine rod opsin necessary for immunoaffinity purification by 1D4 monoclonal antibody (Molday & MacKenzie, 1983) . Sequencing of the cloned DNA was carried out in both strands using Thermo Sequenasee Cycle Sequencing Kit (Amersham) with dye-labeled primers and the LI-COR 4200L-1 automated DNA sequencer. The nucleotide sequence of the pMT5-cDNA clone was confirmed in duplicate RT-PCR experiments and was identical to the corresponding genomic sequence.
cDNA cloning of the squirrel monkey M/LWS pigments
The P530 opsin cDNA was isolated from the retinal RNA from one male squirrel monkey and the P545 opsin cDNA from the other by the RT-PCR procedure (Kawamura & Yokoyama, 1998) using a primer pair which was set immediately upstream and downstream of the start and stop codons, respectively. The primer sequences were taken from the corresponding regions of the marmoset M/LWS pigment gene: forward, 5 0 -ggacagggctttccatagcc-3 0 ; reverse, 5 0 -ggacgggtaggaggcagacc-3 0 (Kawamura et al., 2001) . The resulting DNA fragments were cloned into the pBluescript II (SK-) plasmid vector (Stratagene) and were sequenced as described above. Their nucleotide sequences were confirmed in duplicate RT-PCR experiments. In the P530 opsin cDNA there were four synonymous nucleotide differences from the reported sequence: T in this study and C in ''P535'' of Shyue et al. (1998) at the codingnucleotide site 315 (denoted T315C), T591C, C618T, and G828A. In the P545 opsin cDNA there were three synonymous (A210G, C309T, and C963T) and one nonsynonymous (T533G resulting in Ile in this study and Ser in ''P550'' of Shyue et al. (1998) at the amino acid residue 178) differences. The Ile178 has been observed among all three alleles of squirrel monkeys in a population survey (Cropp et al., 2002) and also in all the other simian M/LWS pigments so far sequenced, implying that the P545 with the Ser178 in Shyue et al. (1998) is a rare variant.
Since retina was not available from squirrel monkeys with P560, all six exons of the P560 opsin gene were PCR-amplified from the blood DNA from a male squirrel monkey with it to examine its nucleotide sequence. The primer pairs used to amplify exons were (5 0 to 3 0 ) as follows: exon 1, ggacagggctttccatagcc and tggcctccatgggcctgtggctcac; exon 2, tctctcctctgcctcctgcccgcag and tgagcctgggccctgactggcttac; exon 3, gtctgtctgctctcccctag and actccgtcttgcacccttac; exon 4, actggctgccggcccttctctccag and agccaggagggaccggggtgctta; exon 5, accgtccctgtctccctcag and ctgctgatggtgttgcttac; exon 6, gctcaatcactttctgtccttccag and ggacgggtaggaggcagacc. All primers were set outside the coding regions and designed according to either the marmoset or the owl monkey M/ LWS pigment genes previously sequenced (Kawamura et al., 2001; Kawamura et al., 2002) . PCR was carried out at 98°C for 5 min followed by 40 cycles of 98°C for 45 s, 56°C for 30 s, and 72°C for 30 s. The amplified DNA fragments were directly sequenced with the Applied Biosystems model 3100 automatic sequencer by using the Big Dye Primer v3.0 Cycle Sequencing kit. Their nucleotide sequences were confirmed in duplicate PCR experiments and were identical to the P560 opsin sequence reported (as ''P562'') in Shyue et al. (1998) .
By using QuickChange site-directed mutagenesis kit (Stratagene), we synthesized a cDNA encoding the same amino acid sequence with the P560 opsin of the squirrel monkey by mutagenizing the marmoset P560 opsin cDNA clone previously isolated (Kawamura et al., 2001 ) which has total of eight amino acid differences from the squirrel monkey pigment in the deduced protein sequence. The introduced mutations to the marmoset cDNA were C to G at the coding-nucleotide site 181 (denoted C181G), G193T, C227T, A289G, G310A, C346T, A673G, and G823A. These result in amino acid substitutions Leu to Val at the residue 61 (denoted Leu61Val), Val65Phe, Ala76Val, Ile97Val, Val104Ile, His116Tyr, Ile225Val, and Val275Met, respectively.
The pMT5 expression constructs of the three squirrel monkey pigments were synthesized from the above described cDNA clones by the PCR method using a primer pair designed as in Section 2.2 (5 0 -agggctgaattccaccatggcccagcagtggagcct-3 0 and 5 0 -ggcagagtcgacgcaggtgacaccgaggacac-3 0 ).
Site-directed mutagenesis to the sites 229 and 233
By using the QuickChange site-directed mutagenesis kit, we exchanged the amino acid residues at the site 229 between Phe and Ile (T and A at the nucleotide 685) and at 233 between Gly and Ser (G and A at 697) either singly or doubly for the P530, P545, and P560 opsin cDNAs cloned in the Bluescript plasmid. All mutagenized cDNAs were sequenced and confirmed to contain no spurious mutation. Then the mutant cDNAs were recloned into pMT5 expression vector as in the intact clones.
Visual pigment reconstitution
The intact and mutant pMT5-cDNA clones were expressed in the cultured COS-1 cells (RIKEN Cell Bank, Tsukuba, Japan) by transient transfection (Yokoyama, 2000) . The resulting proteins (opsins) were incubated with 11-cis retinal (Storm Eye Institute, Medical University of South Carolina, Charleston) and the reconstituted visual pigments were purified using the immobilized 1D4 antibody (The Cell Culture Center, Minneapolis) by following the method described in Kawamura and Yokoyama (1998) . The absorption spectra of the visual pigments were recorded from 250 to 750 nm by 1 nm intervals using the Hitachi U3010 dual beam spectrometer at 20°C for 10 times in dark and for 10 more times after 3 min of light exposure as in Kawamura and Yokoyama (1998) .
Results
Absorption spectra of squirrel monkey and owl monkey M/LWS visual pigments
Absorption spectra of the reconstituted visual pigments of squirrel monkey and owl monkey are shown in Figs. 2 and 3 , respectively. The measured k max values of the P530, P545, and P560 of squirrel monkey were 532 ± 0.5, 545 ± 0, and 558 ± 0 nm, respectively (Table  1) . That of the owl monkey P538 was 539 ± 1 nm. These values differed only at most 2 nm from those expected from the three-site rule (Fig. 1) and are virtually identical to them as in the cases of other vertebrate M/LWS pigments . When the pigments were exposed to light, they showed a new absorbance peak at around 380 nm which appeared as a negative peak in dark-light spectra (Figs. 2 and 3 , insets). This indicates that 11-cis retinal in the pigments was isomerized by light and all-trans retinal was released and that the reconstituted pigments were in fact photo reactive. Inset: dark-light difference absorption spectrum. k max value was directly taken from the dark absorption spectrum. Table 1 Summary of the spectral shift of the squirrel monkey M/LWS visual pigments by mutations at the sites 229 and 233
532 ± 0.4 0 P530 S233G 533 ± 0.5 +1 P530 I229F/S233G 533 ± 0.6 +1 P545 545 ± 0 P545 I229F 545 ± 1.8 0 P545 S233G 546 ± 0.4 +1 P545 I229F/S233G 546 ± 0.9 +1 P560 558 ± 0 P560 F229I 559 ± 0.4 +1 P560 G233S 556 ± 0.5 )2 P560 F229I/G233S 559 ± 0.4 +1 * k max values were directly taken from the dark absorption spectra.
Absorption spectra of mutagenized M/LWS pigments of squirrel monkey
The k max values of the mutagenized M/LWS pigments of the squirrel monkey are listed in Table 1 with those of the intact pigments. Spectral shift by these mutations were all within the range of 0-2 nm and were negligible compared to those demonstrated for the sites 180, 277, and 285 (Fig. 1) even when the two mutations were combined.
Discussion
In the present study we reconstituted all of the three allelic M/LWS visual pigments of squirrel monkey (P530, P545, and P560) and the single-allelic M/LWS pigment of owl monkey (P538) and measured their k max values in vitro. The measured k max values were shown to be virtually identical to the values expected from the three-site rule ). We also demonstrated by site-directed mutagenesis that spectral effects of amino acid substitutions at the residue positions 229 and 233 were negligible. Site 233 in humans involves a Ala/Ser difference between P560 and P530 pigments. In vitro studies for the human pigments suggested that the substitution of Ala for Ser at site 233 caused a 0 to )3 nm shift with the most likely value at only )1 nm (Asenjo, Rim, & Oprian, 1994; Merbs & Nathans, 1993) , being consistent with our results.
The present study complements our previous study examining the k max values of the three allelic M/LWS pigments of common marmoset by the in vitro method (539, 553, and 561 nm for P538, P553, and P560, respectively) (Kawamura et al., 2001) . It is noteworthy that the measured k max values of the P538 are identical among three primate species so far studied (539 nm), two New World monkeys, the common marmoset and owl monkey, as well as one prosimian, greater galago (Otolemur crassicaudatus) (Kawamura & Kubotera, 2003) , despite large amino acid differences in the galago pigment from those of the New World monkeys (29 and 26 amino acid differences from the marmoset and owl monkey, respectively). With these studies, we demonstrated that the three-site rule holds for all known allelic types of the M/LWS pigments of New World monkeys.
The k max values of the five pigment types have been estimated by electroretinogram (ERG) flicker photometry and microspectrophotometry (MSP) for many species of New World monkeys (Table 2) . ERG measures gross electric activity of the retina under certain lighting conditions to extract specific class of pigment activity and MSP directly measures light absorption of a single photoreceptor cell in retinal specimens. These studies have given k max of 532-538 nm for P530, 541-546 nm for P538, 547-551 nm for P545, 554-559 nm for P553, and 561-567 nm for P560. These values appear to be reasonably close to the k max values measured in vitro considering the methodological differences.
In population genetic and behavioral studies of colour vision of New World monkeys, not only the sites 180, 277, and 285 but also 229 and 233 have been examined to determine the spectral types of the M/LWS pigments (Caine & Mundy, 2000; Cropp et al., 2002; Smith et al., 2003; . The five sites are encoded in three separate exons (180 in exon 3, 229 and 233 in exon 4, and 277 and 285 in exon 5) (Fig. 1) and examination of all five sites requires DNA amplification of the three exons by PCR method and DNA sequencing of them. Based on the results obtained in the present study, the procedure of the colour-vision typing can now be simplified by omitting the examination of the exon 4.
